Cytohesin-1 (B2-1) is a guanine nucleotide exchange factor for human ADP ribosylation factor (Arf) GTPases, which are important for vesicular protein trafficking and coatamer assembly in the cell. Cytohesin-1 also has been reported to promote cellular adhesion via binding to the ␤2 integrin cytoplasmic domain. The solution structure of the Sec7 domain of cytohesin-1, which is responsible for both the protein's guanine nucleotide exchange factor function and ␤2 integrin binding, was determined by NMR spectroscopy. The structure consists of 10 ␣-helices that form a unique tertiary fold. The binding between the Sec7 domain and a soluble, truncated version of human Arf-1 was investigated by examining 1 H-15 N and 1 H-13 C chemical shift changes between the native protein and the Sec7͞Arf-1 complex. We show that the binding to Arf-1 occurs through a large surface on the C-terminal subdomain that is composed of both hydrophobic and polar residues. Structure-based mutational analysis of the cytohesin-1 Sec7 domain has been used to identify residues important for binding to Arf and for mediating nucleotide exchange. Investigations into the interaction between the Sec7 domain and the ␤2 integrin cytoplasmic domain suggest that the two proteins do not interact in the solution phase.
G proteins are critical to several functions within the cell, including growth, proliferation, signal transduction, membrane trafficking, and cytoskeletal interactions (1) . A common characteristic of G proteins is that they cycle between an active GTP-bound form and an inactive GDP-bound form. Cellular regulation of G proteins and GTPase activity occurs at both stages of this cycle. Proteins that accelerate GTP hydrolysis are termed GAPs (GTPase-activating proteins), and those that activate GTPases by promoting the substitution of GDP with GTP are termed GEFs (guanine nucleotide exchange factors).
The GEFs for two Saccharomyces cerevisae ADP ribosylation factors (Arfs) (2) and for human Arf-1 (3) recently were discovered. Arf proteins are a family of GTPases belonging to the Ras superfamily (4) and are critical to vesicular traffic through the Golgi (5), coatamer assembly (6) , and phospholipase D activation (7, 8) . Each of the Arf GEF proteins contain a homologous Ϸ200-residue region, the Sec7 domain, that alone has been shown to support guanine nucleotide exchange. This domain is named after the S. cerevisae SEC7 gene product, which is required for proper protein transport through the Golgi (9, 10) . Several Sec7 domain-containing proteins have since been identified (2, (11) (12) (13) (14) , including two homologs in humans (3, 15) . The fungal and plant proteins are very large (Ͼ1,400 residues) and likely contain several protein modules. However, the human proteins are smaller and have three domains: a Ϸ55-residue coiled coil-containing domain, the Sec7 domain, and a Ϸ110-residue pleckstrin homology (PH) domain (Fig. 1) . Although the Sec7 domain itself is sufficient to catalyze nucleotide exchange, the PH domain is thought to localize the protein to the membrane surface by binding phosphoinositides (13, (16) (17) (18) . It is at the membrane surface that Sec7 catalyzes GDP 3 GTP exchange on Arf proteins in vivo. A similar process exists for the GTPase exchange factors in the Sos͞Ras and Dbl͞Rho families. Both of these GEFs (Sos and Dbl) contain PH domains that target the proteins to the membrane surface where they activate their respective substrates (19, 20) .
Recently, the three-dimensional structures of a GEF bound to its G protein have been determined for Ef-Tu͞EF-Ts from Escherichia coli (21) and Thermus thermophilus (22) . Based on this structural information, a mechanism has been proposed in which EF-Ts (the GEF) binds to EF-Tu and disrupts the nucleotide binding site, prompting release of GDP. In the E. coli structure, the Mg 2ϩ cofactor binding is disturbed, whereas in the T. thermophilus structure, EF-Ts binding results in a reorganization of the hydrogen bonding network of the phosphates, prompting release of the nucleotide. The structure of another exchange factor (GrpE) complexed to its target (ATPase domain of DnaK) also has been reported (23) . This GEF acts by causing a conformational shift in DnaK, destabilizing the purine and ribose binding pockets. Thus, although they have evolved to perform the same function, GEFs have developed several mechanisms to accelerate nucleotide exchange.
Here, we report on the solution structure of the Sec7 domain from cytohesin-1. Cytohesin-1 is a human Sec7 domaincontaining protein found primarily in immune system cells (13) , which has been shown to be a GEF for both Arf-1 and Arf-3 (3, 24) and to interact with the ␤2 integrin cytoplasmic domain (CD18) (25) . Based on the NMR-derived structure of the Sec7 domain and the chemical shift changes observed on binding to Arf-1, site-directed mutants of Sec7 were prepared and tested for their ability to bind Arf-1 and catalyze GDP 3 GTP exchange. We also have investigated the binding of CD18 to the cytohesin-1 Sec7 domain.
MATERIALS AND METHODS
Cloning, Mutagenesis, and Expression. The cytohesin-1 (B2-1) cDNA was isolated by PCR amplification from a human spleen cell cDNA library (26) using primers based on the B2-1 gene sequence (15) . The gene was cloned into the NdeI-XhoI restriction sites of the expression vector pET-15b (Novagen). Residues 58-248 (the Sec7 domain) were subcloned into the NdeI-XhoI restriction sites of the expression vector pET-30b (Novagen). Site-directed mutagenesis was performed by using the Quickchange Mutagenesis Kit (Stratagene).
The Arf-1 cDNA was isolated by PCR amplification from a human spleen cell cDNA library (26) by using primers based on the Arf-1 sequence (27) . The gene was cloned into the NdeI-XhoI restriction sites of the expression vector pET-15b (Novagen). Residues 18-181 (⌬17Arf-1) were subcloned into the NdeI-XhoI restriction sites of pET-20b. (Novagen). All vector sequences were confirmed by dye-terminator DNA sequencing by using an Applied Biosystems Prism 300 Genetic Analyzer (Perkin-Elmer).
Proteins were expressed in E. coli BL21(DE3) or BL21(DE3)pLysS (Novagen To investigate CD18͞Sec7 domain binding, the peptide corresponding to the ␤2 integrin cytoplasmic domain was dissolved in 25 mM NaP i (pH 6.8), dispensed into 1-, 2-, or 5-mg aliquots, and lyophilized. These lyophilates were titrated directly into NMR samples of the cytohesin-1 Sec7 domain. Two-dimensional 1 Structure Calculations. Solution structures were calculated by using a distance geometry͞simulated annealing protocol (33) with the program X-PLOR 3.1 (34) . A square-well potential (F NOE ϭ 50 kcal mol
Ϫ1
) was used to restrain NOE-derived distances. NOE restraints were categorized into four groups (1.8-3.0 Å, 1.8-4.0 Å, 1.8-5.0 Å, or 1.8-5.5 Å) based on NOE crosspeak intensity. Crosspeaks that were not resolved clearly were assigned to the 1.8-5.5 Å category. Torsional restraints were applied to angles of Ϫ120 Ϯ 30 degrees for 3 J HNH␣ coupling constants Ն8.5 Hz and Ϫ60 Ϯ 30 degrees for coupling constants Յ5.5 Hz. Torsional restraints for the latter were applied only in ␣-helical regions. A force constant of 200 kcal mol Ϫ1 ⅐rad
Ϫ2
were applied to all torsional restraints. Hydrogen bonds were included only in ␣-helices, and only if the H N was slowly exchanging in the hydrogen-deuterium exchange experiment and the residue possessed appropriate short-range NOE restraints. Each hydrogen bond was defined by two distance restraints: 1.8-2.3 Å for O-H and 2.8-3.3 Å for O-N. The quality of the geometry of the structures was evaluated by using the program PROCHECK-NMR (35) .
Nucleotide Exchange Assay. Nucleotide exchange was monitored by using a modified version of the protocol of Paris et al. (36) . The cytohesin-1 Sec7 domain (or variant) was mixed with a 100-fold excess of ⌬17Arf-1 at 37°C in a 200-l reaction in 50 mM Hepes (pH 7.5), 1 mM DTT, 1 mM MgCl 2 , 100 mM KCl, and 10 M ( CЈ resonances of the i and i-1 residues using a set of three-dimensional triple-resonance experiments (28) . HCCH total correlation spectroscopy experiments were used to assign the side chain 1 H and 13 C resonances (29) . The prochiral methyl groups of Val and Leu were stereospecifically assigned by using a 15% 13 C-labeled sample as described by Neri et al. (37) .
A total of 2,135 NOE-derived distance restraints, 56 explicit hydrogen bonds (112 restraints), and 44 dihedral angle restraints were used to determine the protein's structure. Fifty-two of 278 (19%) XPLOR-calculated structures exhibited a total energy Յ200 kcal mol Ϫ1 . The 20 structures with the lowest energies were included in the ensemble (Fig. 2a) . The rms deviation of the ensemble is 1.0 Å for backbone atoms and 1.5 Å for all heavy atoms. The structural statistics for the ensemble and energy-minimized average structure are presented in Table 1 . The structures are energetically stable and have no distance violation greater than 0.4 Å. Fig. 2 b and c represents alignments of the N-terminal (residues 60-135) and C-terminal (residues 136-245) subdomains, respectively. Each domain is well defined individually (see Table 1 ) compared with the entire protein because of variations in the orientation between the two subdomains caused by the paucity of intersubdomain NOEs. A Ramachandran plot of the backbone angles for the averaged minimized structure shows that most (91.1%) of the backbone geometries lie within energetically favorable regions (Fig. 3) . For the ensemble, 93.5% of the 3,600 nonglycyl, nonprolyl backbone angles fall within allowed regions. The residues that have backbone dihedral angles consistently in disallowed regions (R153, Q181, D226, L227, and F244) are in poorly defined loops.
The Cytohesin-1 Sec7 Domain Structure. The primary sequence, secondary structure, and local distance restraints for cytohesin-1 are presented in Fig. 4 . The protein is composed of two five ␣-helix subdomains and forms an extended (rather than globular) shape (Fig. 5) . The N-terminal subdomain begins with ␣1 (residues 61-75). This is followed by a short Asp-Pro loop that connects this helix with ␣2 (residues 78-86) to form an antiparallel helix pair. Residues 87-93 form an extended loop that terminates in ␣3 (residues 94-102). Two short loops connect ␣3 to ␣4 (residues 109-115) and ␣4 to ␣5 (residues 121-129). Overall, the helices in these first Ϸ75 residues form a compact, right-turning superhelical bundle.
The C-terminal subdomain begins with ␣6 (residues 141-146), a six-residue helix. This short helix is connected to ␣7 (residues 160-172) via a long loop that is highly conserved throughout Sec7 domain sequences. A short, overhand loop leads to ␣8 (residues 184-200), the longest ␣-helix in the protein (Ϸ25 Å). A 10-residue loop terminates at ␣9 (residues 211-221), which forms an antiparallel pair with ␣8. The last ␣-helix, ␣10 (residues 229-241), crosses over the ␣8-␣9 helix pair at a Ϸ60°angle. Finally, the C terminus of the Sec7 domain (residues 242-248) exits the protein after making contact with the loop between ␣6 and ␣7. The two subdomains are connected sequentially by the loop between ␣5 and ␣6. NOE distance restraints between ␣4 and the long loop preceding ␣7 and contacts between ␣5 and ␣7 comprise the few intersubdomain interactions. ͗SA͘ is the ensemble of 20 structures, ͗SA͘r is the energy-minimized mean atomic structure. rmsd, rms deviation. *Energies were calculated by using XPLOR 
as described in Materials and
Methods. EL-J was not used during refinement, but is included here as an independent assessment of nonbonded geometry. † Atomic rmsd between the 20 NMR ensemble structures and the mean atomic structure coordinates after superposition of backbone heavy atoms (N, C ␣ , CЈ) or all nonhydrogen atoms. is surrounded by several charged residues. On the opposite face of the protein (Fig. 6b) , the yellow patch near the top left shows a smaller hydrophobic surface that consists of residues in the loop between ␣7 and ␣8. ␤2 Integrin Cytoplasmic Domain Binding. Kolanus et al. (25) have reported that cytohesin-1 binds to the cytoplasmic domain of ␤2 integrin and that its Sec7 domain is responsible for this interaction. In vivo, overexpression of cytohesin-1, or its Sec7 domain alone, promotes adhesion of Jurkat cells to intracellular adhesion molecule (ICAM)-1-coated dishes presumably through ␣ L ␤ 2 integrin activation. To gain structural insight into this interaction, we compared the NMR spectra of the cytohesin-1 Sec7 domain in the presence and absence of CD18. A peptide corresponding to the ␤2 cytoplasmic domain sequence described by Kolanus et al. (25) These results apparently contradict those of Kolanus et al. (25) in which the cytohesin-1 Sec7 domain was shown to bind to CD18-derivatized Sepharose with a K d ϭ 2.5 M. It may be possible that this discrepancy is caused by differences in the way that the binding experiments were conducted, one in the solid phase and the other in solution.
⌬17Arf-1 Binding. Sec7 domains have been reported to be exchange factors for Arf GTPase proteins (2, 3, 18, 24) . To model the interactions between Sec7 domains and Arf proteins, we probed the binding of the cytohesin-1 Sec7 domain to ⌬17Arf-1 (36). This water-soluble Arf variant lacks the membrane-interacting myristoyl group and N-terminal ␣-helix. ⌬17Arf-1 no longer requires phospholipid vesicles for Sec7 proteins to accelerate the exchange of GDP 3 GTP (36). The data indicate that ⌬17Arf-1 is interacting with the C-terminal subdomain of Sec7. This binding face is composed mainly of residues from ␣6 and the loop that follows as well as ␣8 and ␣9. Inspection of Sec7 domain primary sequences (2, 3, (11) (12) (13) (14) (15) indicates that ␣8 and the loop after ␣6 are the most conserved regions within the Sec7 domain. The opposite side of the protein (Fig. 7b) contains fewer residues that display dNN(i,  iϩ1), d␣N(i, iϩ3), d␣N(i, iϩ4) , d␣␤(i, iϩ3)] and deviations from random coil chemical shifts for 13 C ␣ and 13 CЈ that define the secondary structure are indicated (38) . (1998) are localized mostly to a small, hydrophobic pocket (Fig. 6b ) and the loop following ␣6. Mutagenesis. Based on the Sec7 domain structure, the observed chemical shift changes, and the primary sequence homology of Sec7 domains, several surface mutants of the Sec7 domain were designed to examine Arf binding and nucleotide exchange. The residues that were mutated are indicated on the surface of the cytohesin-1 Sec7 domain in Fig. 7 . E157 was selected for mutation because of the large chemical shift changes observed for this residue and results from previous studies in which a Glu 3 Lys mutant at the homologous position of Arabidopsis thaliana EMB30 Sec7 domain causes defects in cell division, elongation, and adhesion (12) . To investigate the importance of a negative charge at this position, E157 was mutated to a Ala (neutral) and a Lys (positive charge). Y187 and M195 were selected for mutation because they are part of the hydrophobic patch central to the ⌬17Arf-1 binding surface (Figs. 6a and 7a) . The charged residues D207, K208, and R219 that surround the hydrophobic patch were chosen for mutation to test the necessity of polar interactions, and V179 was chosen to test whether the smaller hydrophobic surface on the opposite protein face (Figs. 6b and 7b) is critical for ⌬17Arf-1 binding.
For each of the mutants, 15 N-labeled NMR samples were prepared and their 1 H-15 N-HSQC spectra were compared with that of the native cytohesin-1 Sec7 domain. For all of the mutant proteins, chemical shift differences were restricted to a few residues near the mutations, demonstrating that the mutant proteins are folded correctly and do not exhibit any mutant-induced conformational changes. Fig. 8 depicts the nucleotide exchange activity of the mutant proteins. The efficiency of GDP 3 GTP exchange on ⌬17Arf-1 decreased for all of the mutant proteins and decreased by Ϸ90% or more for four mutant proteins. The mutants that have catalytic efficiencies Ͻ10% that of the wild-type are E157A, E157K, Y187A, and M195A. NMR binding experiments were conducted to examine whether the greatly decreased activity of these mutants was accompanied by a concomitant decrease in binding affinity for ⌬17Arf-1. Three of the variants (E157K, Y187A, and M195A) do not bind appreciably to ⌬17Arf-1 as indicated by the lack of any chemical shift changes on the addition of ⌬17Arf-1. Surprisingly however, the same chemical shift changes observed for the wild-type protein also were observed for the E157A mutant, indicating that this nonfunctional mutant binds to ⌬17Arf-1 in a manner similar to the native protein. These results suggest that E157 may not only be important for binding to Arf proteins, but that this residue is also critical for the catalytic function of the Sec7 domain.
Other mutant proteins were made to probe the importance of regions peripheral to the major hydrophobic surface. The D207A, K208A͞E, and R219A variants decrease exchange activity from 50-80%, suggesting that the ⌬17Arf-1 binding face is composed of both hydrophobic and polar͞electrostatic components. Interestingly, the V179A mutation, designed to test the importance of the small hydrophobic surface (Fig. 6b) , causes a Ϸ50% decrease in the initial rate of exchange activity. Although this decrease is less than the effects observed for other more critical hydrophobic residues (M195A and Y187A), it suggests that this hydrophobic surface also could be involved in nucleotide exchange.
Comparison with Other Proteins. Sec7 domains bear no significant sequence homology to other protein sequences, including other exchange factors. In addition, the threedimensional structure of the cytohesin-1 Sec7 domain reported here does not resemble any known structure when compared with the Protein Data Bank by using the program DEJAVU (40) . Thus, the Sec7 domain fold represents a unique tertiary structure. Interestingly, the C-terminal subdomain (residues 136-250) of Sec7 bears a topological and functional similarity to the catalytic domain of RasGAP-334 (41) in that both are elongated ␣-helical structures that affect the bound nucleotide of a GTPase.
During the preparation of this paper, two crystal structures of the Sec7 domain of a homologous protein, ARNO, were published (42, 43) . The two proteins possess a high degree of sequence homology (83% identical) and the structures of the Sec7 domains of cytohesin-1 in solution and ARNO in the crystalline form are similar. Each has 10 ␣-helices organized in a similar overall topology. However, there are differences in the lengths of some of the helices. For example, ␣3, ␣5, and ␣6 in ARNO are 2-4 residues longer than in the NMR structure of cytohesin-1 (there is also disagreement about the length of ␣6 between the two crystal structures). Moreover, ␣7 is more than a full helical turn longer in ARNO than in cytohesin-1. The largest structural difference between the two proteins is at the C terminus of ␣9. In cytohesin-1, this ␣-helix is extended by five residues when compared with ARNO, which results in a difference in the loop structure between ␣9 and ␣10.
CONCLUSIONS
We have determined the solution structure of the Sec7 domain of cytohesin-1. The protein consists of 10 ␣-helices that form an extended structure composed of two subdomains. We examined the binding between the Sec7 domain and human Arf-1 by observing 1 H-15 N and 1 H- 13 C chemical shift changes of the native protein on the addition of a water-soluble Arf-1 variant (⌬17Arf-1). We show that the binding to Arf-1 occurs exclusively through the C-terminal subdomain and that the binding surface is composed of both hydrophobic and polar residues. Using site-directed mutagenesis, we identified residues that are important for nucleotide exchange and Arf binding, which indicate the most important regions are the loop between ␣6 and ␣7 and a large area composed of residues from ␣8 and ␣9. We also have identified a mutant protein (E157A) that binds to ⌬17Arf-1, but is unable to catalyze nucleotide exchange, suggesting that E157 may be involved in the catalytic mechanism of this enzyme.
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